ABSTRACT: The white marlin Tetrapturus albidus (Istiophoridae) is considered to be among the most overexploited species under international management jurisdiction in the Atlantic Ocean, resulting in diverse stakeholder concerns. Efforts have been made to add it to the US Endangered Species List. Its population status has become uncertain with the realization that: (1) longstanding misidentifications of white marlin have occurred with the recently recognized, morphologically similar and sympatric roundscale spearfish T. georgii; and (2) the 2 species have unknowingly been assessed and managed as a species group. We show that roundscale spearfish currently constitute a substantial proportion (~27%) of the overall 'white marlin' catch in the western North Atlantic, with high spatial variation within this region. Consequently, the accuracy of current biological knowledge on white marlin, some of which has formed the input for past population status modeling, is compromised by 'contamination' due to misidentification. Population assessment simulations in the western North Atlantic incorporating the proportion of roundscale spearfish (27%) were run; these indicated that historical changes in the ratio of the 2 species, as well as differences in the population growth rates between T. albidus and T. georgii, affect simulation results. Our findings suggest misidentifications between the species may have affected the accuracy of past T. albidus population assessments in the western North Atlantic, which therefore need re-visiting to permit improved management and recovery of this species. New collection of life history data for T. albidus and T. georgii is also recommended to corroborate the results of historical studies.
INTRODUCTION
The white marlin Tetrapturus albidus (= Kajikia albida. Collette et al. 2006; Istiophoridae) is considered among the most overexploited pelagic fishes under international management jurisdiction in the Atlantic. Taken primarily as bycatch on longline fishing gear targeting tuna and swordfish, white marlin is also the target of a multimillion dollar recreational fishing industry (Jesien et al. 2006 ). Recent population assessments (ICCAT 2003) have indicated that white marlin biomass (B; metric tons) has declined to about 12% of the level necessary to produce maximum sustainable yield (B MSY ). Therefore, the population status and outlook for white marlin is of intense management and socioeconomic concern, and it has been petitioned for listing under the US Endangered Species Act (WMBRT 2007) .
Morphologically, the white marlin is very similar to the sympatric istiophorid Tetrapturus georgii (roundscale spearfish), which has only recently been validated genetically (Shivji et al. 2006) . The distinguishing morphological differences are subtle, raising the troubling prospect that fishers and scientists have been misidentifying the previously unrecognized roundscale spearfish as white marlin, probably for decades (Shivji et al. 2006 , Beerkircher et al. 2008 . Assessing the status of white marlin populations and attendant formulation of management and conservation policy relies heavily on fishery-dependent catch information from commercial and recreational fishers. Thus, species misidentification represents a heretofore unrecognized source of uncertainty for fishery scientists and other stakeholders directly or indirectly affected by white marlin population assessments.
Incorrect species catch records may be of little consequence to management and conservation if proportions of roundscale spearfish to white marlin are very small, and are spatially and temporally consistent throughout the species' range. Under this scenario, the inadvertent management of both species as a complex may still provide valid estimation of white marlin population status. However, a recent study using morphological identification of marlin bycatch in the US commercial fishery between 1993 and 2006 suggested that roundscale spearfish abundance is not trivial (Beerkircher et al. 2008) . Evidence is absent that the species proportions are, or have been historically, homogeneous in space and time. Complicating the issue of white marlin population assessments is that spatiotemporal patterns of fishing effort over the range of the 'white marlin' (now recognized as a combination of Tetrapturus albidus and T. georgii) have changed substantially over time (Serafy et al. 2004 ). This change in fishing effort patterns leaves open the possibility that fishing mortality for both species has also changed.
Determining the current and historical proportions of roundscale spearfish and white marlin and evaluating potential impacts of long-term misidentifications on population assessments are important given the socioeconomic, policy, and legal ramifications of misidentification for the commercial and recreational fishing sectors, international management organizations, and conservation groups. Here we: (1) employ DNA analysis to validate the morphological identifications used by Beerkircher et al. (2008) , (2) present further evidence that roundscale spearfish abundances are not trivial relative to white marlin in the western North Atlantic, (3) show that catch proportions of roundscale spearfish are spatially heterogeneous within this region, and (4) show by population assessment simulation exercises that long-standing misidentification of roundscale spearfish as white marlin may have considerable consequences for management and conservation of both species.
MATERIALS AND METHODS
Two main information sources were examined to derive proportions of roundscale spearfish: (1) data on istiophorid bycatch collected by scientific observer personnel (hereafter 'observer[s]') on commercial Atlantic pelagic longline fishing vessels (Arocha & Marcano 2001 , Keene et al. 2007 , and (2) marlins brought to shore (hereafter 'landed') during USA east coast recreational white marlin tournaments.
Three subsets of the observer-collected catch data were considered: (1) US1, comprised data collected by a single observer in the US Pelagic Observer Program (POP) who was especially adept at differentiating Tetrapturus spearfishes from white marlin; these data encompassed 144 442 hooks observed from 1996 to 2006; (2) US2, comprised data taken after enhanced spearfish identification training was instituted for all (59) POP observers working from January 2007 through June 2008 (1 331 332 hooks observed); (3) VZL, was collected by 2 experienced observers with the Venezuelan Pelagic Longline Observer Program from 2002 to 2007 (1 114 943 hooks observed). All observer identifications of roundscale spearfish were achieved using the diagnostic morphometrics described by Beerkircher et al. (2008) , with a subset (see below for specifics) verified by DNA analysis. Tissue samples for the VZL subset were not retained.
The White Marlin Open (WMO) recreational fishing tournaments were held in Ocean City, Maryland (USA) in August 2007 and 2008. Tissue samples were collected from 11 of the 15 'white marlin' landed in 2007 and all 11 'white marlin' landed in 2008. All tournament specimens were initially identified based on morphological criteria reported by Beerkircher et al. (2008) .
We assessed the accuracy of the morphological identifications in the US1, US2, and WMO datasets by sequencing the mitochondrial NADH subunits 4L-4 (ND4L-ND4) genes (methods in Shivji et al. 2006 ) of a subset (see 'Results') of the observer specimens and all tournament samples. These sequences were compared to reference sequences from white marlin and roundscale spearfish (Shivji et al. 2006) . The large (5.5%) sequence divergence at this locus between the 2 species and unequivocal reciprocal monophyly of each (Shivji et al. 2006 ) made distinguishing the 2 species' sequences unambiguous.
For all 4 datasets, the proportion of roundscale spearfish was calculated for each US National Marine Fisheries Service (NMFS) Highly Migratory Species Statistical Area where data were available (Fig. 1 , see Keene et al. 2007 for NMFS area details). Datasets were also pooled by area, and 95% confidence intervals about proportions (Brown et al. 2001) were calculated. To reveal statistical differences among areas, we conducted pairwise comparisons of proportions of roundscale spearfish using standard chi-squared tests.
The potential impact of misidentification on perceived population status for the 2 species was examined through simulation, whereby the most recent benchmark assessment for Atlantic white marlin (ICCAT 2003) was assumed to be an accurate estimate of the biomass (as percent of B MSY ) trajectory for the 2 species combined. The simulation was based on a Schaefer-type production model fitted with the ASPIC software (Prager 1994) , which is the same model used in the assessment. Specifically, we used the results for the assessment model known as the retrospectivelyadjusted base run (Run 36 in Table 7 of ICCAT 2003; model biomass and yield trajectories are presented in Appendix 1.
We generated 5 simple contrasting time series (hereafter 'scenarios') of yields for the species' populations spanning 1955 to 2001. The 5 simulated scenarios for the proportion of roundscale spearfish were: constant; increasing linearly; decreasing linearly; step up, down; decreasing steps. We then estimated population-specific parameters (intrinsic population growth rate and population carrying capacity) that would result in population trajectories that, when combined, would match the biomass trajectory given by the benchmark assessment. To accommodate the absence of reliable growth rate information for each of the species, we used 2 different growth rate projections (i.e. different growth rates and the same growth rate) in the simulations.
To identify the model parameters, we let the superscripts R, W, and T denote roundscale spearfish (RSS), white marlin (WHM), or total (RSS+WHM), respectively, and let the subscript t denote year. The time series of total yield T Y t and total biomass T B t are fixed (Table A1 ). The simulation approach was as follows: (1) (2) and (3) For each scenario, 2 sets of population projections were made. In 1 set, 4 of the population parameters R r, W r, R K, and W K were estimated independently. In the other, the 2 population growth rates were assumed to be the same, in order to allow for the possibility that the 2 species have similar life histories. The population growth rates were estimated in our minimization routine, with initial values set equal to that estimated in the ICCAT (2003) white marlin stock assessment.
The second term in Eq.
(1) was added to avoid cases in which the projections for either population would predict a stock collapse. The predicted model yields were set equal to 0 if the population collapsed, such that the quadratic term would be large, thus penalizing the solution. Otherwise, the predicted yields were calculated from the basic population dynamics equation, such that the quadratic term would be 0. For example, for white marlin:
The minimization was carried out in MS Excel. All hypothetical yield trajectories were constructed such that the fraction of the yield corresponding to roundscale spearfish in the last year was 0.27, i.e. the overall proportion given in Table 1 . 
RESULTS
In total, 396 roundscale spearfish and 1047 white marlin were observed from 1993 to 2008 in the western North Atlantic (Table 1) . Of the 105 roundscale spearfish reported in the US1 and US2 datasets, all available archived tissue samples (47 ind.) were confirmed by DNA analysis to be roundscale spearfish. Due to many more available white marlin samples, a random subset of 52 ind. (14% of all the white marlin in the US1 and US2 data sets) were sequenced; 51 were confirmed as white marlin. Haplotype sequences for both roundscale spearfish and white marlin are available in GenBank (accession nos. GU055177-GU055193). The sole animal incorrectly identified (in the US2 data set) as a white marlin was genetically determined to be a sailfish Istiophorus platypterus, but the specimen had been badly shark-bitten and was not intact.
The US1 dataset contained information for 8 of the 10 NMFS Statistical Areas. Roundscale spearfish occurred in 6 of these areas (Fig. 2) ; they were exclusive in the North Central Atlantic (NCA) and Florida East Coast (FEC) and were observed in greater proportion to white marlin (87% roundscale spearfish) in the Sargasso Sea (SAR). The US2 dataset contained information for 9 of the 10 NMFS areas; roundscale spearfish were found in 7 areas, were exclusive in the Northeast Distant (NED), were observed in greater proportion to white marlin in the SAR (86% roundscale spearfish) and Northeast Coastal (NEC; 54% roundscale spearfish), and constituted a substantial proportion (> 30% each) in the FEC and South Atlantic Bight (SAB) areas (Fig. 2) . The VZL dataset provided information for 4 areas, SAR, NCA, Caribbean (CAR), and Tuna North/Tuna South (TUN/TUS); these data showed a greater proportion of roundscale spearfish (34%) in the CAR and a substantially lower value for the SAR (~2%) than the other 2 observer data sources. The WMO recreational fishing tournament MidAtlantic Bight (MAB) area, revealed that 31% of the 'white marlin' landed were roundscale spearfish. Pooling the datasets by area, proportions of roundscale spearfish were only high in the 2 areas with both the lowest observed effort and the lowest amount of each species observed (NED, 100% roundscale spearfish and NCA, 77% roundscale spearfish), although several areas with greater amounts of effort observed showed substantial proportions of roundscale spearfish, including the CAR (34%) and the SAR (41%; Table 1 ). Several statistically significant differences in roundscale spearfish proportions emerged among areas ( Table 2 ). The highest uncertainty (i.e. largest confidence intervals) was associated with the 2 highest estimates, a result of low overall bycatch of both species in the NED and NCA areas (Fig. 3) . The lowest proportions were for the Gulf of Mexico (GOM) and TUN/TUS areas, which were significantly (p < 0.001) lower than those in all 7 other areas ( Table 2) .
Simulation results (Table 3) for the population biomass of the 2 species in 2001 generated under the 5 scenarios for temporal roundscale spearfish to white marlin proportions with either different or identical population growth rates (r) all found white marlin to be overfished, with estimated biomass ranging from 0 to 33% of B MSY . Simulation results for roundscale spearfish biomass were more variable, ranging from 0 to 144% of B MSY ; with 1 exception, however, all simulations also showed roundscale spearfish to be over (1955 to 2001) in the biomass of the 2 species' populations under each proportion and growth rate scenario (Fig. 4) showed a steeply declining trend in all but one case (roundscale spearfish under Scenario 2, increasing linearly, with different growth rates). It is also notable that with the exception of only 2 simulations (i.e. scenarios projecting roundscale spearfish proportions increasing linearly), the temporal decline in roundscale spearfish population size was close to or in many instances greater than that projected for white marlin. Timing of when each species became overfished (i.e. biomass dropped below B MSY ) was variable, ranging from the mid-1960s to early 1990s, depending on the scenario simulated. projections clearly affected the perceived biomass status. For example, for each catch proportion scenario considered, the 2001 biomass level was mostly similar for both species when growth rates were assumed to be the same (Table 3 , Fig. 4c ). In contrast, when growth rates were allowed to differ, the 2001 biomass varied considerably for each catch proportion scenario.
DISCUSSION
Taxonomic accuracy is fundamental in fish and wildlife monitoring to prevent erroneous assessments and decisions in management and conservation policy. Our genetic validation of the morphological identifications in the US1 and US2 databases leads us to conclude that the morphological characters developed by Beerkircher et al. (2008) are robust, and information in the observer databases used here is accurate. Given this validation, the path is clear for scientists and fishers to accurately distinguish Tetrapturus albidus and T. georgii morphologically (in most cases) and provide accurate catch data for population assessments and subsequent policy formulation. The paucity of reliable data sources (i.e. those for which there is confidence in the integrity of the species identifications) resulted in our use of data subsets that were not collected randomly and distributed evenly over both species' ranges. We hope the information presented here will encourage efforts towards accurate species-specific data collection.
Prevalence of roundscale spearfish and spatial proportions
Overall, roundscale spearfish comprised a substantial proportion (~27%) of the roundscale spearfish-white marlin complex in our western North Atlantic datasets. Furthermore, the 2 species are clearly not distributed evenly in this region. Proportions by statistical area suggest that roundscale spearfish are uncommon in the Gulf of Mexico and off the northeastern coast of South America. However, in US east coast and Caribbean waters, they represented 21 to 42% of the samples; in some areas farther offshore, roundscale spearfish dominated. The large difference in roundscale proportions between the VZL and the other 2 observer datasets in the CAR and SAR areas likely stems from spatiotemporal differences in fishing effort and/or differences in fishing methods employed (e.g. bait type, fishing depth) by the Venezuelan and US commercial fisheries. For example, the VZL data for the SAR were collected in the spring and summer, while the US1 and US2 data were collected in the winter. Further sampling is necessary to resolve this discrepancy, and will also help to resolve uncertainty caused by low sample sizes (observed hooks) in some spatial strata (see Appendix 2 for samples sizes and confidence intervals around proportions of roundscale spearfish for each of the data sets and spatial strata used).
The ramifications of these findings may be substantial in terms of management and conservation policy for white marlin. The accuracy of current biological knowledge on white marlin age and growth, reproduction, feeding habits, migratory patterns, habitat utilization, etc., some of which has formed the input for past population status modeling, may be compromised by 'contamination' due to misidentification with roundscale spearfish. Addi- 1  Constant  3  33  17  17  2  Increasing linearly  144  5  15  18  3  Decreasing linearly  35  0  22  12  4 Step up, down 0 28 12 20 5
Decreasing steps 38 0 9 30 changes in the fraction of the yield corresponding to roundscale spearfish. Values were derived from biomass projections that used either different or the same population growth rates (r) for the 2 species white marlin and fewer roundscale spearfish being removed from the management group. In fact, such a shift has indeed occurred over the last decade in the US pelagic longline fleet (L. Beerkircher unpubl. data).
Population assessment simulations
Simulation modeling has been shown to be a useful tool in evaluating the potential effects of various assumptions in population assessments (NRC 1998). Our simulations were necessarily limited in scope due to: (1) the lack of reliable species-specific population parameters (growth rate and carrying capacity) for both white marlin and roundscale spearfish, (2) uncertainty as to how the spatial differences in catch proportions may have affected catch per unit effort (CPUE) for each species and, in turn, how changes in CPUE would have affected the population biomass assessments. Further, despite recent genetic evidence that roundscale spearfish also occur in the western South Atlantic (M. Shivji & F. Hazin unpubl. data), without knowledge of roundscale spearfish to white marlin ratios from this region, our simulation results apply only to roundscale spearfish and white marlin population trends in the western North Atlantic.
These caveats notwithstanding, the simulations are valuable in illustrating how species-specific assessment might deviate from current 'species complex' models. Depending on the scenario used, the 2001 white marlin sensu stricto biomass status in the western North Atlantic ranged from a best case of only 33% of B MSY to collapse (0% of B MSY ), indicating substantial overfishing to a severely depleted population. Although the previous Atlantic-wide assessment conducted in 2002 showed 'white marlin' at 12% of B MSY (ICCAT 2003) , it may be problematic to use this benchmark in a comparative context as it is only valid for the 2 species combined. Also a cause for concern is that all simulations considering the 2 species separately showed declining historical trajectories for white marlin in the western North Atlantic, despite decades of international management.
Our findings on the prevalence of roundscale spearfish in the context of decades of species misidentification, spatial heterogeneity in proportions of white marlin and roundscale spearfish in the context of spatio-temporal shifts in fishing effort, and impacts of differing species catch proportions and growth rates on population biomass assessments all cast uncertainty on past white marlin assessments. Given these uncertainties and the largely pessimistic population status and trajectories for both species suggested by our simulations, there is a pressing need for further information to improve management, including: (1) accurate and precise, Atlantic-wide estimates of the current proportions of roundscale spearfish within various spatio-temporal strata, (2) data on whether proportions of roundscale spearfish have remained constant historically via genetic testing of archival 'white marlin' biological material, (3) data on the life history, distribution, abundance and movement patterns of roundscale spearfish and white marlin sensu stricto, and (4) further scenario and hypothesis testing using a variety of computer simulation approaches. Improved white marlin management and conservation policy will require refined population modeling that applies updated roundscale spearfish proportions to the historical catch data and incorporates spatial changes in fishing effort.
The decidedly declining roundscale spearfish population trend also seen in nearly all simulations indicates that management and conservation attention also needs to be focused on this enigmatic species, whose existence has only recently started to be recognized. Of additional concern is the observer data suggesting that the population size of roundscale spearfish in the western North Atlantic may be substantially smaller than that of white marlin, and that most simulations indicated even greater population declines for roundscale spearfish relative to white marlin. Without focused and possibly urgent management attention, unabated fishing pressure on roundscale spearfish may result in unrecognized population collapses that cannot be rectified by subsequent conservation efforts. The above re-assessments and new species-specific monitoring measures are essential for establishing confidence in indices of abundance and population trends for both top-level, pelagic predator species. 
